ABSTRACT Synaptic cell adhesion molecules regulate signal transduction, synaptic function, and plasticity. However, their role in neuronal interactions with the extracellular matrix (ECM) is not well understood. Here we report that the CD44, a transmembrane receptor for hyaluronan, modulates synaptic plasticity. High-resolution ultrastructural analysis showed that CD44 was localized at mature synapses in the adult brain. The reduced expression of CD44 affected the synaptic excitatory transmission of primary hippocampal neurons, simultaneously modifying dendritic spine shape. The frequency of miniature excitatory postsynaptic currents decreased, accompanied by dendritic spine elongation and thinning. These structural and functional alterations went along with a decrease in the number of presynaptic Bassoon puncta, together with a reduction of PSD-95 levels at dendritic spines, suggesting a reduced number of functional synapses. Lack of CD44 also abrogated spine head enlargement upon neuronal stimulation. Moreover, our results indicate that CD44 contributes to proper dendritic spine shape and function by modulating the activity of actin cytoskeleton regulators, that is, Rho GTPases (RhoA, Rac1, and Cdc42). Thus CD44 appears to be a novel molecular player regulating functional and structural plasticity of dendritic spines.
INTRODUCTION
Interactions between the extracellular matrix in the brain and neuronal cells play an important role in regulating signal transduction, synaptic function, and plasticity (Dityatev and Schachner, 2003) . The remodeling of extracellular matrix (ECM) components has a profound effect on overall synaptic machinery (Dityatev and Rusakov, 2011; Wlodarczyk et al., 2011; Thalhammer and Cingolani, 2014) and affects synaptic receptor composition and mobility (Groc et al., 2007; Frischknecht et al., 2009) and dendritic spine shape (Bilousova et al., 2006; Wang et al., 2008; Michaluk et al., 2011) . However, knowledge of the molecular mechanisms involved in signal transmission from the extracellular environment to neuronal cells is far from complete. Synaptically expressed cell adhesion molecules (CAMs) are specialized proteins that contribute to the proper establishment of synaptic contacts by ensuring proper organization of their structure and influencing synaptic plasticity (Missler et al., 2012) . The significance of synaptic CAMs in processes of synapse formation and signal transmission between neurons is only beginning to be known. The discovery of novel synaptic CAMs, together with knowledge of the ways in which CAMs function at highly specific connecting hubs in the nervous system, is an important step toward understanding infor of dendritic trees (Skupien et al., 2014) . Furthermore, the silencing of CD44 expression during the early development of neuronal cells exerted a protective effect on young neurons that were exposed to a toxic concentration of glutamate (Skupien et al., 2014) .
In this study, we apply state-of-the-art molecular biology techniques to elucidate the role of CD44 protein in dendritic spine remodeling and synaptic plasticity. A combination of electron microscopy, immunogold labeling, in situ hybridization, Förster resonance energy transfer (FRET)-based methods, and electrophysiological recordings unravel yetuncharacterized contributions of CD44 adhesion molecule to proper functioning of mature hippocampal neurons.
RESULTS

CD44 localizes at hippocampal synapses
We previously investigated CD44 expression patterns in the developing rat brain (Skupien et al., 2014) . We found that protein abundance decreases in the mature neuronal tissue, but it can still be detected in the brain of adult animals. To characterize CD44 expression in the adult rat brain at high resolution, we performed fluorescence in situ hybridization (FISH) with specific probes. Confocal images of the CA3 hippocampal field showed that CD44 mRNA expression overlapped with immunostaining of the neuronal marker MAP-2 ( Figure  1A ). The sense probe of CD44 mRNA was used as a negative control to confirm the specificity of the FISH results. To further explore the subcellular distribution of CD44, we used immunogold labeling in the adult rat hippocampus. Immunogold particles were frequently associated with asymmetric synapses ( Figure 1B ). Of interest, CD44 labeling in the CA3 stratum radiatum was detected at both presynaptic and postsynaptic sites. The quantitative analysis of the number of gold particles in dendritic spines and axonal boutons confirmed a significant association between gold particles and these compartments compared with an expected random distribution (dendritic spines: χ 2 = 1140.37, p < 0.00001; axonal boutons: χ 2 = 217.739, p < 0.00001). For the negative control, the primary antibody was replaced with nonimmune immunoglobulin G (IgG). In this case, the distribution of gold particles within the synapses did not significantly differ from the random distribution (dendritic spines: χ 2 = 0.08, p > 0.05; presynaptic sites: χ 2 = 2.45, p > 0.05). These data clearly indicate the synaptic localization of CD44 at spiny excitatory sites in mature hippocampal neurons. In addition to the synaptic localization of CD44, immunogold staining also confirmed the presence of CD44 in astrocytes (unpublished data; Supplemental Figure S1 ).
The major component of the ECM in the brain is hyaluronic acid (HA), which was shown to contribute to many plastic processes in the nervous system (for review, see Wlodarczyk et al., 2011) . Hyaluronic acid can influence cell behavior by interacting with cell surface receptors, including the CD44 adhesion molecule. To date, CD44 has not been identified as a synaptic CAM. We recently showed that it plays a pivotal role in regulating the morphogenesis FIGURE 1: CD44 is expressed by neurons in adult rat brain and localizes at synapses. (A) In situ hybridization signal (CD44 mRNA, antisense probe, green) colocalizes with immunofluorescence of anti-MAP-2 (red) antibody in the CA3 field of the rat hippocampus. Hybridization with the sense probe is shown as a control. Scale bar, 15 μm. (B) Immunogold electron microscope detection (after embedding) of CD44 in the CA3 region of the hippocampus. Immunogold particles indicating CD44IR (red arrowheads) are present within the dendritic spines (SPINE, orange) and axonal boutons (B, blue). Scale bar, 250 nm. Distribution of CD44 in dendritic spines and presynaptic boutons was quantified. For χ 2 = 1140 or 217, respectively, and one degree of freedom, p < 000001, and so the distribution pattern of gold-labeled CD44 in both compartments is significantly different from random, in contrast to the labeling with nonimmune IgG control antibody. cells. Endogenous CD44 was detected at 3-wk-old hippocampal cultures by immunofluorescence, and the intensity of immunostaining was compared. As shown in Figure 2A , CD44 short hairpin RNA (shRNA) significantly decreased the level of endogenous protein.
Next we examined the effects of CD44 knockdown on spine shape in cultured hippocampal neurons. Cells on 14 d in vitro (DIV) were transfected with a pSuper plasmid (control) or CD44 shRNA plasmid together with green fluorescent protein (GFP)-encoding vector. Cotransfection with a GFP-encoding plasmid enabled the visualization of dendritic spines ( Figure 2B ). The data were collected from three separate experiments and normalized to controls. An extensive morphological analysis of >3000 dendritic spines that was performed on 21 DIV revealed that the spines of CD44 shRNA-transfected cells exhibited an increase in length (pSuper, 1.00 ± 0.005 μm; CD44 shRNA, 1.06 ± 0.008 μm; p = 0.005; Figure 2B ), and their head width was significantly reduced (pSuper, 1.00 ± 0.005 μm; CD44 shRNA, 0.935 ± 0.006 μm; p < 0.0001; Figure 2C ). Total spine density was not significantly different between groups (pSuper, 0.98 ± 0.02 spines per 1 μm of dendrite; CD44 shRNA, 0.94 ± 0.02 spines per 1 μm of dendrite; Figure 2D ).
To confirm the specificity of the observed CD44-knockdown phenotype, we performed rescue experiments. We used a DNA construct in which silent mutations were introduced into the cDNA that encoded rat CD44 (CD44Rescue) that was transcribed into mRNA, which could not be recognized by shRNA. We recently showed that the coexpression of CD44Rescue with shRNA in neurons resulted in the reexpression of CD44 at endogenous levels (Skupien et al., 2014) . After the coexpression of CD44shRNA together with CD44Rescue, we observed a reversal of the following knockdown-induced phenotypes: length (pSuper, 1.00 ± 0.01 μm; CD44 shRNA, 1.068 ± 0.01 μm; CD44Rescue, 1.03 ± 0.02 μm; pSuper/CD44 shRNA, p < 0.0001; pSuper/ CD44Rescue, p = 0.07; CD44 shRNA/ CD44Rescue, p = 0.01) and head width (pSuper, 1.00 ± 0.01 μm; CD44 shRNA, 0.84 ± 0.01 μm; CD44Rescue, 0.975 ± 0.02 μm; pSuper/CD44 shRNA, p < 0.0001; pSuper/ CD44Rescue, p = 0.21; CD44 shRNA/ CD44Rescue, p < 0.0001; Figure 2E ). These data indicate that CD44 shRNA-induced changes in dendritic spine morphology resulted from the specific knockdown of CD44 rather than off-target effects.
Impaired excitatory synaptic transmission in hippocampal neurons with CD44 knockdown
The electrophysiological properties of synapses are tightly associated with changes in dendritic spine morphology and synaptic
CD44 regulates dendritic spine morphology
The expression of synaptic CAMs is crucial for proper synapse maintenance and dendritic spine structure (Kasai et al., 2003; Dalva et al., 2007; Koleske, 2013) . Therefore we tested whether CD44 regulates spine morphology. We recently demonstrated the high knockdown efficiency of CD44 shRNA in young primary hippocampal neurons (Skupien et al., 2014) and astrocytes (Konopka et al., 2016) . Similarly, we tested the efficacy of CD44 knockdown in adult cultured neuronal FIGURE 2: CD44 affects dendritic spine morphology. Primary hippocampal neurons transfected with pSuper or CD44 shRNA plasmids together with β-actin-GFP were subjected to immunocytochemistry using anti-CD44 antibody. The data were obtained from 25-30 neurons per group in three independent cultures, pSuper n spines = 4409, CD44 shRNA n spines = 3578. The "rescue" experiment pSuper n spines = 450, CD44 shRNA n spines = 500, and CD44 shRNA/CD44Rescue n spines = 350. The data are expressed as mean ± SEM. **p < 0.01, ***p < 0.001 (Student's t test). Wlodarczyk et al., 2011; Conant et al., 2015) . To determine the potential functional consequences of lower CD44 expression in the postsynaptic cell, we performed electrophysiological experiments using hippocampal pyramidal neurons in culture that were cotransfected at 14 DIV with a noncoding pSuper plasmid (control) or CD44 shRNA plasmid together with a GFP-encoding vector to allow cell visualization. Patch-clamp, single-cell recordings were performed at 18-21 DIV. Only cells that exhibited green fluorescence were examined. We recorded miniature excitatory postsynaptic currents (mEPSCs) that were mediated by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptors. We found that the average frequency of mEPSCs in CD44-knockdown neurons ( Figure 3A ) significantly decreased (CD44 shRNA, 0.5 ± 0.1 Hz, n = 12) compared with the control (pSuper, 1.4 ± 0.2 Hz, n = 13, p = 0.001). This difference was also visualized by analyzing the cumulative distributions of interevent intervals for individually recorded mEPSCs and exemplary averaged mEPSC traces ( Figure 3 , B and F). We then analyzed the mEPSC characteristics in more detail. Of interest, the manipulation of CD44 expression did not significantly change the average mEPSC amplitude (pSuper, 22.8 ± 0.9 pA, n = 13; CD44 shRNA, 21 ± 1 pA, n = 13, p = 0.26) or the 10-90% mEPSC rise time (pSuper, 0.71 ± 0.04 ms, n = 12; CD44 shRNA, 0.74 ± 0.05 ms, n = 12, p = 0.63; Figure 3 , C and D). However, the average mEPSC deactivation constant (τ decay ) that was recorded in CD44-knockdown cells (CD44 shRNA, 4.5 ± 0.2 ms, n = 11) significantly increased compared with control cells (pSuper, 4.0 ± 0.1 ms, n = 12, p = 0.03; Figure 3E ). Similar to the previous experiment, we used CD44Rescue construct to confirm the specificity of obtained results. The coexpression of CD44shRNA together with CD44Rescue plasmid resulted in the reversal of the knockdown-induced changes in the average mEPSC frequency (CD44Rescue, 1.4 ± 0.4 Hz, n = 8; pSuper/CD44Rescue p = 0.97; CD44Rescue/CD44 shRNA p = 0.04) and average mEPSC deactivation constant (τ decay ; CD44Rescue, 4.0 ± 0.1 ms, n = 8; pSuper/CD44Rescue p = 0.99; CD44Rescue/CD44 shRNA p = 0.04). Moreover, we did not observe significant changes in the average mEPSC amplitude (CD44Rescue, 23.86 ± 1.8 pA, n = 8; pSuper/CD44Rescue p = 0.6; CD44Rescue/CD44 shRNA p = 0.2) or the 10-90% mEPSC rise time (CD44Rescue, 0.6 ± 0.06 ms, n = 8; pSuper/CD44Rescue p = 0.1; CD44Rescue/CD44 shRNA p = 0.1) between analyzed groups. Thus the observed changes can be attributed to the specific effect of protein down-regulation. Altogether, CD44 knockdown resulted in a pronounced reduction of the number of excitatory synaptic events and prolonged current decay.
CD44 knockdown affects the number of presynaptic boutons, as revealed by coimmunostaining of Bassoon and PSD-95
The changes in the frequency of mEPSCs that we observed upon CD44 knockdown in hippocampal neurons may be a result of an alteration in the number of functional synapses. Therefore we examined synapses of neurons that were transfected with pSuper or CD44 shRNA plasmids by immunostaining the postsynaptic protein PSD-95 and presynaptic marker Bassoon ( Figure 4A ; Lanore et al., 2010) . First, we measured the average PSD-95 immunostaining intensity within dendritic spines relative to the fluorescence intensity in dendritic shaft. The fluorescence intensity of PSD-95 was lower in neurons with reduced CD44 expression (CD44 shRNA, 2.21 ± 0.05; Figure 4B ) than in control cells (pSuper, 2.98 ± 0.09, p < 0.0001). To quantify the number of synapses that were located on the surface of individual dendrites, we counted the number of Bassoon-positive puncta on three-dimensional reconstructions of selected dendritic segments using Imaris software as described plasticity (Kasai et al., 2003; Noguchi et al., 2011; Sala and Segal, 2014; Tonnesen et al., 2014) . Moreover, the vast majority of excitatory synapses are localized at dendritic spines (Bourne and Harris, 2008) , and most of them are glutamatergic. Different adhesion molecules have been implicated in the regulation of synaptic plasticity and signal transmission between neurons (Dalva et al., 2007;  treatment has been shown to result in the long-lasting enhancement of neuronal activity and the remodeling of dendritic spine shape (Otmakhov et al., 2004; Szepesi et al., 2013 Szepesi et al., , 2014 . To investigate the influence of CD44 expression on cLTP-induced changes in spine morphology, we imaged dendritic fragments of cells that were transfected with pSuper or CD44 shRNA plasmids under a confocal microscope before and 40 min after cLTP induction. The same spines were identified at both time points. Next we calculated relative changes (see Materials and Methods for details) in the dendritic spine head width of each identified spine. Representative dendritic segments of neurons that were cotransfected with a GFP-encoding vector and the noncoding pSuper plasmid (control) or CD44 shRNA are shown in Figure 5A . The detailed morphometric analysis of individual spines that were subjected to cLTP stimulation revealed a robust and a long-lasting increase in the relative spine head width in response to the 40-min stimulation in control cells (pSuper + dimethyl sulfoxide [DMSO], 0.02 ± 0.02; pSuper + cLTP, 0.11 ± 0.014, p < 0.0001; Figure 5B ), whereas spine head expansion was completely inhibited in CD44 shRNA cells (CD44 shRNA + DMSO, 0.03 ± 0.02; CD44 shRNA + cLTP, 0.02 ± 0.02, p = 0.4949; Figure 5B ). These data indicate that CD44 expression is crucial for plastic changes in dendritic spines upon stimulation.
CD44 regulates the activity of small Rho GTPases in dendritic spines of hippocampal neurons
Numerous structural and functional changes in dendritic spines have been shown to be strictly determined by the highly dynamic actin cytoskeleton, the architecture of which is modulated through several signaling pathways (Ethell and Pasquale, 2005; Tada and Sheng, 2006; Chen et al., 2007) . Among the well-known actin regulators is the Rho family of GTPases (Cdc42, RhoA, Rac1), which are also implicated in the morphogenesis of dendritic spines (Hall and Nobes, 2000; Tashiro et al., 2000; Saneyoshi et al., 2010) through their modulatory effects on spinoskeletal organization (Hotulainen and Hoogenraad, 2010) . In addition, CD44 regulates RhoA, Cdc42, and Rac1 activity by interacting with the regulatory GTPase-activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs) in tumor cells (Bourguignon et al., 2000 (Bourguignon et al., , 2001 (Bourguignon et al., , 2003 (Bourguignon et al., , 2005 . We used Raichu-RhoA, Raichu-Rac1, and Raichu-Cdc42 FRET-based biosensors (Itoh et al., 2002; Yoshizaki et al., 2003) to determine whether alterations in the expression of CD44 are accompanied by changes in RhoA, Rac1, and Cdc42 activity in neuronal cells ( Figure  6A ). Neurons were cotransfected with Raichu-RhoA, Raichu-Rac1, or Raichu-Cdc42 together with the noncoding pSuper plasmid (control) or CD44 shRNA plasmid ( Figure 6 , B-D). The occurrence of FRET between fluorophore molecules (donor cyan fluorescent protein [CFP] and acceptor yellow fluorescent protein [YFP] ) in each Raichu probe reflects GTPase activation and is revealed by a shortened average donor fluorescence lifetime. We analyzed the averaged fluorescence lifetime of the donor molecule (CFP) using time-correlated single-photon counting fluorescence lifetime imaging microscopy ( Figure 6 , B-D) within the dendritic spines as described in Materials and Methods. In this assay, the silencing of CD44 expression affected the level of activity of all three GTPases (RhoA, Rac1, and Cdc42). Fluorescence resonance energy transfer between the donor and acceptor affects donor fluorescence decay and leads to a shortened donor lifetime upon Rho GTPase activation, whereas an increase in donor lifetime indicates that the activity of the protein and FRET decrease. The average fluorescence lifetime of the donor fluorophore of the Raichu-Cdc42 probe for CD44-depleted cells was significantly shortened compared with control cells (pSuper, 3.15 ± 0.15 ns; CD44 shRNA, 2.37 ± 0.12 ns; p = 0.006; previously (Fogarty et al., 2013) . Such an approach increases the accuracy of immunolabeling analysis and eliminates the fluorescence signal from surrounding cells. The quantification of Bassoon puncta within 0.25 μm from the spine surface revealed a decrease in the average density of Bassoon puncta that were closely apposed to the dendritic spines in CD44 shRNA-transfected neurons (CD44 shRNA, 0.84 ± 0.08; Figure 4C ) compared with the control (pSuper, 1.39 ± 0.12, p = 0.002), which is consistent with the observed decrease in the frequency of mEPSCs in CD44-knockdown cells. These results suggest that the number of functional synapses is reduced after silencing CD44 expression.
Activity-dependent structural plasticity of dendritic spines is regulated by CD44
The structural flexibility of dendritic spines enables the dynamic remodeling of neuronal contacts, changing the way in which the neuronal circuit processes information (Yuste and Bonhoeffer, 2001 ).
The aforementioned results imply that CD44 expression plays a crucial role in proper synaptic function. To determine whether CD44 also contributes to activity-dependent plastic changes in dendritic spine structure, we performed live-cell imaging experiments in which we induced chemical long-term potentiation (cLTP) through the bath application of a forskolin/rolipram/picrotoxin mixture. Such cells. In contrast, we observed a longer mean fluorescence lifetime of the donor fluorophore of the Raichu-RhoA probe in CD44-knockdown cells than in control neurons (pSuper, 3.04 ± 0.07 ns; CD44 shRNA, 3.87 ± 0.1 ns; p < 0.0001; Figure 6D) , implying a lower level of activation of RhoA in neurons with reduced CD44 expression.
To determine whether the function of CD44 in regulating dendritic spine morphology is driven by changes in Cdc42 activity, we expressed a dominant-negative (DN) form of Cdc42 together with the CD44 shRNA vector (Figure 6 , E-G). We found that the expression of DN-Cdc42 rescued CD44 shRNA-induced dendritic spine elongation (pSuper, 1.00 ± 0.01; CD44 shRNA, 1.07 ± 0.02; CD44 shRNA_DN-Cdc42, 1.01 ± 0.01; pSuper/CD44 shRNA, p = 0.0007; pSuper/CD44 shRNA_DN-Cdc42, p = 0.76; CD44 shRNA/CD44 shRNA_DN-Cdc42, 0.003; Figure 6F ). Moreover, the CD44 shRNAinduced decrease in spine head width was also partially rescued by DN-Cdc42 expression (pSuper, 1 ± 0.01; CD44 shRNA, 0.83 ± 0.01; CD44 shRNA_DN-Cdc42, 0.88 ± 0.01; pSuper/CD44 shRNA, p < 0.0001; pSuper/CD44 shRNA_DN-Cdc42, p < 0.0001; CD44 shRNA/CD44 shRNA_DN-Cdc42, p = 0.0004; Figure 6G ). We performed a rescue experiment using DN-Cdc42 because the activity of this GTPase mutant was previously shown to have no clear effects on dendritic spine length and density (Tashiro et al., 2000) , in contrast to the DN form of Rac1 or the constitutively active (CA) form of RhoA. The expression of Rac1-DN, and RhoA-CA was previously shown to disrupt dendritic spine morphology and negatively affect spine density (Nakayama et al., 2000; Tashiro et al., 2000) . Similarly, in our experiments, DN-Cdc42 plasmid did not induce changes in dendritic spine length in comparison to control neurons (pSuper_ DN-Cdc42, 0.97 ± 0.8, p = 0.1). In contrast, pSuper_DN-Cdc42 transfected cells exhibited significant reduction in dendritic spine head width (0.76 ± 0.01) compared with other analyzed groups (pSuper/pSuper_DN-Cdc42, p < 0.0001; CD44 shRNA/ pSuper_DN-Cdc42, p = 0.001; CD44shRNA_DN-Cdc42/pSuper_ DN-Cdc42, p < 0.0001). A similar effect-a reduction in the number of mushroom-shaped spines-was reported by others (Jausoro et al., 2013; Vadodaria et al., 2013) . Our results indicate that CD44 modulates the activity of all three small Rho GTPases. It is involved in RhoA activation and Cdc42 and Rac1 inhibition. By doing so, it modulates dendritic spine morphology.
DISCUSSION
Cell adhesion molecules regulate synaptic transmission and influence dendritic spine structure (Shi and Ethell, 2006; Lonskaya et al., 2013; Ning et al., 2013; Conant et al., 2015) . In the present study, we demonstrated the presynaptic and postsynaptic localization of CD44 in the adult brain using sensitive, high-resolution techniques and evaluated the role of CD44 in mature neurons. We found that alterations in CD44 expression modulate the structural and functional properties of the synapse.
The loss-of-function experiments revealed an important role for CD44 in the development and/or maintenance of proper dendritic spine morphology. Filopodia-like dendritic spines are usually considered to be less mature, with a higher potential for "learning" than large, mushroom-type spines (Kasai et al., 2003; Matsuzaki et al., 2004; Bourne and Harris, 2007; Szepesi et al., 2014) . Therefore spine elongation and thinning in CD44-depleted cells can indicate their juvenilization. The lower level of PSD-95 in dendritic spines observed upon CD44 knockdown may also explain such a "less mature" phenotype because PSD-95 has been shown to promote synaptic maturation and stabilization (Taft and Turrigiano, 2014) . Of interest, we observed a decrease in the frequency of AMPA receptor-mediated mEPSCs, together with no changes in mEPSCs amplitude upon CD44 Figure 6B ). A similar effect was observed for cells cotransfected with the Raichu-Rac1 probe (pSuper, 3.15 ± 0.04 ns; CD44 shRNA, 2.7 ± 0.03 ns; p < 0.0001; Figure 6C ). This demonstrates higher levels of Cdc42 and Rac1 activation in dendritic spines of CD44-depleted FIGURE 5: Activity-dependent structural plasticity of dendritic spines is regulated by CD44. Live-imaging sessions of neurons cotransfected with pSuper or CD44 shRNA plasmid together with a GFP-encoding vector were performed under control conditions (DMSO) and 40 min after cLTP induction. Arrowheads indicate examples of dendritic spines that increased upon cLTP induction. (A) Representative images of dendritic segments captured during the live-imaging experiment under control (DMSO) and cLTP-stimulated conditions (indicated by minus and plus signs, respectively). Open bars, cells treated with DMSO; hatched bars, cells stimulated with cLTP mixture. (B) Graph representing relative changes in the spine head width. The data were obtained from 8-10 neurons per condition, pSuper + DMSO n spines = 420, pSuper + cLTP n spines = 700, CD44 shRNA + DMSO n spines = 400, and CD44 shRNA n spines = 478. The data are expressed as mean ± SEM. ***p < 0.001 (Student's t test).
PSD-95-positive synaptic puncta (Figure 4) , which reflects a considerably lower number of functional synapses. This is further supported by the lack of effect of CD44 knockdown on mEPSC amplitude and rise-time kinetics, suggesting no major alterations in the number of postsynaptic receptors ( Figure  2, C and D) . Consistent with the present data, a previous study showed that hyaluronidase treatment in cultured neurons did not alter the frequency, kinetics, or amplitude of mEPSCs, indicating that no major changes in synaptic transmission occurred after the enzymatic removal of HA (Frischknecht et al., 2009) . CD44 is present in both presynaptic and postsynaptic compartments in vivo, and it would be interesting to determine the primary site that was affected by our manipulation of CD44 expression in culture. Measurements of synaptic currents were performed in transfected cells that should be regarded as postsynaptic. However, we cannot completely exclude the possibility that modifications occurred at the presynaptic compartment. Changes in CD44 expression on the postsynaptic membrane may affect the presynaptic part through retrograde signaling that is triggered by shedding the CD44 extracellular domain by extracellular proteases (Chetty et al., 2012) . The cleavage of other synaptic adhesion molecules was previously shown to occur at synapses and be implicated in a reduction of synaptic transmission (Peixoto et al., 2012; Conant et al., 2015) . Moreover, CD44 that is localized at postsynaptic sites may also influence the local concentrations of CD44-binding ligands (e.g., cytokines, proteases, other receptors) in the synaptic cleft, thereby modulating synaptic function.
Of interest, CD44 knockdown had no effect on mEPSC rise-time kinetics, but it resulted in a small (0.4 ms) but consistent prolongation of mEPSC decay (Figure 2 , E and F). The source of such a subtle change in current kinetics may be attributable to significantly longer spines upon CD44 manipulation ( Figure 3B ), higher spine neck resistance, and the filtering of synaptic currents, or changes in diffusion of the neurotransmitter in the synaptic cleft, thus contributing to alterations in glutamate transients. Both scenarios were previously implicated in the functional change in the time course of synaptic currents (mEPSC decay kinetics; Barbour et al., 1994; Cathala et al., 2005; Michaluk et al., 2011) . More detailed investigations are necessary to elucidate this issue.
Extracellular matrix components and receptors have been implicated in regulating the development and structural modifications of dendritic spines (for extensive review, see Dansie and Ethell, 2011; Wlodarczyk et al., 2011; Levy et al., 2014; Conant et al., 2015) . The lack of CD44 might reduce binding to extracellular HA, thus affecting knockdown. These results may also be attributable to disruption of the synaptic level of PSD95, in which similar changes in the frequency but not amplitude of mEPSCs have been observed in PSD95-knockout mice. Of interest, these knockout animals also exhibited an increase in dendritic spine length (Beique et al., 2006) .
Modifications in dendritic spine structure are tightly coupled with neuronal function. The significant decrease in the frequency of mEPSCs upon CD44 knockdown (Figure 2A ) was consistent with our imaging data, in which CD44 shRNA reduced the density of Bassoon/ (E) Representative images of dendrites from dissociated hippocampal neurons (on 21 DIV) transfected with pSuper, CD44 shRNA, CD44 shRNA_DN-Cdc42, and pSuper_DN-Cdc42 plasmids together with a GFP-encoding vector. Scale bar, 5 μm. Analysis of dendritic spine length (F) and head width (G) in all four groups. The lifetime data were collected from 8-10 neurons per group and an average of 100 spines per group. The morphological data were obtained from 10-15 neurons per group and an average of 600 spines per group. The data are expressed as mean ± SEM. **p < 0.01, ***p < 0.001 (Student's t test).
can assume that changes in CD44 expression resulted in prolonged (days) disruption of the activity of Rac1, RhoA, and Cdc42 within dendritic spines.
In addition, with regard to steady-state morphological and functional changes of spines, we found that the activity-dependent structural plasticity of dendritic spines is CD44 dependent. Structural plasticity that occurs upon the induction of LTP is associated with dendritic spine enlargement (Matsuzaki et al., 2004; Kopec et al., 2006; Yang et al., 2008) . Using cLTP that mimics several LTP aspects, we potentiated synapses and confirmed the spine head growth in control cells shown by Szepesi et al. (2014) . Such an effect was completely abolished in neurons that exhibited a decrease in CD44 expression. The lack of spine head growth upon cLTP induction may be a consequence of a reduction of PSD-95 levels, in which this postsynaptic protein is responsible for the activity-driven stabilization of morphological changes in dendritic spines (Ehrlich et al., 2007) . The abrogation of spine head expansion during cLTP stimulation may also result from a disruption of the activity of the Rho GTPases. A lack of CD44 inhibits RhoA activity, thus blocking initial spine head growth upon stimulation (Murakoshi et al., 2011) . The blockade of this pathway, therefore, can disrupt subsequent Cdc42 actions that are involved in spine head expansion (Murakoshi et al., 2011) , even though CD44 knockdown results in the continuous activation of Cdc42. Moreover, activation of the Rho signaling pathway is believed to disassemble the actin-based spinoskeleton to allow its further growth and restabilization in an enlarged form (Murakoshi and Yasuda, 2012) . Our results are further supported by the fact that the action of RhoA is required for the initial induction of LTP, whereas the Rac1-dependent pathway is required for later LTP consolidation (Rex et al., 2009) . Again, CD44 knockdown impaired the first step in the coordinated cross-talk between GTPases and affected activity-dependent changes in spine morphology. Taken together, the present data suggest that the abnormal structure and plasticity of dendritic spines upon the manipulation of CD44 expression may be a consequence of an imbalance in the activity of these three small Rho GTPases. Proper dendritic spine formation, maintenance, and function appear to depend on the coordinated action of all three Rho GTPases. However, we cannot exclude the possibility that other intracellular signaling molecules are also associated with the morphological abnormalities described here.
Cell-ECM interactions are dynamically regulated, and the fact that plastic changes after cLTP stimulation were not found in CD44-depleted cells suggests that CD44 expression levels are tightly regulated to ensure proper synaptic function. Moreover, the contribution of the ECM or its receptors to the modulation of synaptic function has been highlighted in different molecular, behavioral, and cognitive studies. The enzymatic removal of HA has been shown to impair contextual fear conditioning (Kochlamazashvili et al., 2010) . The abnormalities in spine morphology that we observed in the present study may underlie learning deficits in CD44-knockout mice (Raber et al., 2014) . We propose that the CD44 adhesion molecule plays a critical, multifactorial role in maintaining proper synaptic architecture and function and participates in synaptic plasticity.
MATERIALS AND METHODS
Animal studies
All procedures were performed according to the rules established by the First Local Ethical Committee on Animal Research in Warsaw, based on national laws that are in full agreement with the European Union directive on animal experimentation. the stabilization of mature dendritic spines provided by the ECM (Levy et al., 2014) . The importance of CD44-mediated cellular interactions with the ECM is further emphasized by a study that showed that HA modulates hippocampal synaptic plasticity, in which the enzymatic removal of hyaluronan disrupted L-type voltage-dependent Ca 2+ channel-mediated Ca 2+ transients and LTP (Kochlamazashvili et al., 2010) .
Alternatively, CD44-dependent morphological and functional effects can occur as a result of triggering specific intracellular signaling pathways. CD44 binds and regulates the activity of different intracellular ligands. CD44 can influence Rho GTPase activity through interactions with regulatory GEFs and GAPs (Ponta et al., 2003; Bourguignon, 2008) . The binding of CD44 to hyaluronan inhibits Cdc42 activity through interactions with IQGAP1 protein in cancer cells (Bourguignon et al., 2005) . In contrast, the CD44-HA interaction is known to stimulate the RhoA-mediated signaling pathway and Rho kinase activation through interactions with the RhoA-specific GEF p115Rho (Bourguignon et al., 2003) . CD44 also modulates the activity of Rac1 by the Vav2 molecule in nonneuronal cells (Bourguignon et al., 2001) . The activity of all three small Rho GTPases has been shown to control dendritic spine formation, stability, and structure (Sala and Segal, 2014 ). An emerging general view suggests that Rac1 and Cdc42 stimulate dendritic spine growth and stability (Meng et al., 2002; Hotulainen et al., 2009) , whereas RhoA inhibits these processes and leads to dendritic spine loss (Tashiro et al., 2000) . However, several studies that reported contradictory results suggest that such a conclusion might be too simplistic (Sala and Segal, 2014) . Instead, proper dendritic spine maintenance requires an optimal level of small Rho GTPase activation. CD44 depletion altered the activity of Rac1, RhoA, and Cdc42 and impaired spine morphology (i.e., longer and thinner spines). The findings that have been reported by different groups are consistent with our observations, in which the active form of Rac1 resulted in the presence of long, filopodia-like extensions (Nakayama et al., 2000) , whereas the inhibition of RhoA dramatically increased the length of spine necks (Tashiro et al., 2000) . Of interest, Tashiro and Yuste (2004) proposed that the action of Rac1 is crucial for spine head growth and stabilization, whereas RhoA/Rho kinase is responsible for the conversion of dynamic, long filopodia into stable spines. These observations suggest the existence of a balance between Rac1 and RhoA activity with regard to proper dendritic spine morphology. In addition, we found that the loss of Cdc42 function restored the average length of dendritic spines in neurons with lower CD44 expression, suggesting that optimal level of Cdc42 activity within dendritic spines is responsible for their elongation. Of interest, the dendritic spine head width was only partially rescued by inhibiting Cdc42 activity, indicating that two other GTPases (Rac1 and/or RhoA), in addition to Cdc42, may be involved in the CD44-driven regulation of dendritic spine head size. Cdc42 is a well-known regulator of filopodia formation in different cell types (Shi and Ethell, 2006) . The local and rapid activation of Cdc42 also regulates dendritic spine structure, which is indispensable for spine formation and plasticity (Barbour et al., 1994; Tashiro et al., 2000; Hotulainen et al., 2009) , but several discrepancies have been found among studies. Contrary to our results, one hypothesis is that Cdc42 activity may be important for spine head expansion (Hotulainen et al., 2009) . However, the acquisition of proper spine morphology strictly depends on the time course and localization of Cdc42 activity and other Rho GTPases (Murakoshi et al., 2011) . Moreover, in our model, activity was measured in dendritic spines 7 d after transfection with the CD44 shRNA plasmid. Therefore we and 10 sodium phosphocreatine, with the pH adjusted to 7.25 with KOH. mEPSCs were recorded in a whole-cell voltage-clamp configuration at a holding potential of −63 mV (a typical value of membrane potential in recorded neurons in current-clamp mode, not corrected for liquid junction potential) after bath application of 10 μM gabazine and 1 μM tetrodotoxin (TTX). The presence of magnesium (2 mM) in the external saline and the highly negative membrane voltage were expected to eliminate the N-methyl-d-aspartate receptor-mediated component of synaptic currents. After the end of recording, 20 μM AMPA/kainate receptor antagonist 6,7-dinitroquinoxaline-2,3-dione was used to confirm the origin of recorded mEPSCs and lack of γ-aminobutyric acid-ergic currents. All of the chemicals were purchased from Sigma-Aldrich (Poznan, Poland), with the exception of TTX, which was provided by Latoxan (Valence, France). All of the experiments were performed at room temperature (23-24°C). The data analysis was performed in a blind manner and independently by two investigators using pClamp 10.3 software (Molecular Devices, Axon Instruments). mEPSCs were analyzed as previously described (Michaluk et al., 2011) . Briefly, the mEPSC decay phase was analyzed on averaged traces by fitting the single-exponential function
, where A is the amplitude and τ decay is the decay time constant. The rate of an activation phase of mEPSCs was estimated as the time from 10-90% of a maximal (peak) amplitude (10-90% rise time). The series resistance (R s ) was estimated from the response to a hyperpolarizing voltage step (−5 mV; Song and Semyanov, 2011 ) applied every 20 s in fixed-length episode recording mode. Whole-cell recordings in which the series resistance exceeded 15 MΩ or changed by >10% during the recording were excluded from the analysis. The electrophysiological data were obtained from at least eight neurons per group.
Live imaging and cLTP
Cultured hippocampal neurons were transfected on 14 DIV with pSuper or CD44 shRNA plasmids together with a β-actin GFP plasmid, and live-cell imaging was performed on 20-22 DIV. During the imaging session, the cells were kept in an acquisition chamber at a controlled temperature (37°C) and stable CO 2 concentration (5%). Dendrites of interest were imaged for 1-5 min before stimulation, and then cLTP was induced by bath application of a mixture of 50 μM forskolin, 50 μM picrotoxin, and 0.1 μM rolipram (all from Sigma-Aldrich, St. Louis, MO), each dissolved in DMSO in maintenance medium. As controls, cultures were treated with toxin-free solvent (DMSO; Sigma, St. Louis, MO). Dendritic segments that were decorated with spines were imaged 40 min after cLTP induction. Images were acquired using a Carl Zeiss LSM780 confocal microscope with a C-Apochromat 40×/1.2 numerical aperture (NA) water immersion objective using a 488-nm wavelength argon laser at 3% transmission and 70 nm/pixel resolution. A series of z-stacks was acquired at each 0.4-μm step.
Immunofluorescence
The procedures were performed in cultured neurons or brain tissue sections as described previously (Skupien et al., 2014) . The following primary antibodies were used: sheep anti-CD44 (1:500; R&D Systems), rabbit anti-Bassoon (1:500; Synaptic Systems, Göttingen, Germany), mouse anti-PSD-95 (1:500; Millipore; Darmstadt, Germany), and chicken anti-MAP-2 (1:1000). The following secondary antibodies were used: anti-chicken Alexa Fluor 488, anti-rabbit Alexa 647, and anti-sheep Alexa 555 (all from donkey, diluted 1:500; Abcam, Cambridge, United Kingdom). The analysis of the average fluorescence intensity of CD44 was performed using ImageJ software. The immunostaining intensity in transfected cells was normalized to
In situ hybridization FISH was performed according to the procedure described previously (Konopacki et al., 2007) . Staining was performed on 40-μm-thick, free-floating sections using fluorescein-labeled cRNA probes for CD44 that were complementary to the full-length CDS of rat CD44 cDNA cloned into the pGEM(R)-T Easy Vector System (Promega, Madison, WI) from a rat cDNA that was produced from total rat spleen RNA using real-time PCR and the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Rockford, IL) and the primers 5′-GGCCGCTACAGTATCTCCAGGACTG-3′ and 5′-CCCCCC-GGGCACCCCAATCTTCATATCCAC-3′. Probe detection using peroxidase-conjugated anti-fluorescein antibody (Roche, Mannheim, Germany) was followed by the red (Cy3) fluorophore-based tyramide signal-amplification system (NEN, Waltham, MA). Subsequent immunofluorescent costaining was performed with anti-MAP-2 antibody (Sigma-Aldrich, St. Louis, MO) and visualized using Alexa 647-conjugated secondary antibody (Invitrogen, Carlsbad, CA) as described previously (Wilczynski et al., 2008) .
Immunogold electron microscopy
The procedure was performed in the hippocampal CA3 field from postnatal day 53 (P53) rat brain as described previously (Wilczynski et al., 2008) . For immunodetection, sheep polyclonal anti-CD44 (1:50; R&D Systems, Minneapolis, MN) followed by secondary antibodies coupled to 10-nm gold particles was applied (Electron Microscopy Sciences, Fort Washington, PA). Nonimmune sheep IgG (BD PharMingen, San Jose, CA) was used as a negative control. Gold particle densities within various ultrastructural compartments were measured on digital micrographs using ImageJ software (National Institutes of Health, Bethesda, MD). The statistical evaluation of the labeling was performed using χ 2 test of observed and expected gold counts over the given compartments (Mayhew and Lucocq, 2008) . The data were sampled randomly. At least 200 gold particles at ∼10 images from three animals per group were counted.
DNA constructs
The following mammalian expression plasmids were used: pSuper vector (Brummelkamp et al., 2002) , β-actin-GFP (Jaworski et al., 2005) , CD44 shRNA, CD44-GFP shRNA-resistant form CD44Rescue; (Skupien et al., 2014) , and DN-Cdc42 (cdc42-myc N17 pRH5; a generous gift from Anna Akhmanova, Utrecht University, Utrecht, Netherlands).
Cell cultures
Primary rat hippocampal cultures were prepared from P0 rat brains as described previously (Michaluk et al., 2011) and transfected with Lipofectamine 2000 at 14 DIV according to the manufacturer's protocol (Invitrogen).
Electrophysiological recordings and data analysis
All electrophysiological recordings were performed with patchclamp technique in neuronal cultures at 17 DIV (3 d after transfection). Currents were recorded using a Multiclamp 700B amplifier (Molecular Devices, Axon Instruments, Sunnyvale, CA). Analogue signals were low-pass-filtered with a four-pole Bessel filter at 10 kHz and acquired with a sampling time of 50 μs (20 kHz) using Digidata1440 and pClamp 10.3 software. The extracellular solution was composed of (in mM): 137 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose, and 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), with the pH adjusted to 7.25 with NaOH. The intracellular solution contained the following (in mM): 116 potassium gluconate, 6 KCl, 2 NaCl, 20 HEPES, 0.5 ethylene glycol tetraacetic acid, 4 MgATP, 0.3 NaGTP, cal microscope with z-stacks of 0.2 μm. Imaris software (Bitplane AG, Zurich, Switzerland) integrated with Matlab algorithms was used for three-dimensional reconstruction and quantification of the number of presynaptic labeled puncta as described previously (Fogarty et al., 2013) . Data were obtained from three independent experiments. On average, 13 neurons and 500-600 dendritic spines per group were analyzed.
Data analysis
The results are expressed as means and SEM. The statistical analysis of immunogold labeling was performed using the χ 2 test with regard to the observed and expected gold counts in the given compartments (Mayhew and Lucocq, 2008) . For the statistical analysis of the results from the in vitro experiments, we used Student's t test or Student's t test with Welch's correction, depending on whether the assumption of homogeneity of variance was met. The statistical analyses were performed using Prism 5.0 software (GraphPad, San Diego, CA). the intensity of nontransfected adjacent cells. Thirty neurons per group were analyzed. Data were obtained from three separate experiments.
Fluorescence lifetime analysis of Cdc42/RhoA/Rac1 FRET sensors
The Raichu-RhoA, Raichu-Rac1, and Raichu-Cdc42 FRET sensors (Itoh et al., 2002; Yoshizaki et al., 2003; Aoki and Matsuda, 2009) were kindly provided by the Michiyuki Matsuda laboratory (Department of Pathology and Biology of Diseases, Graduate School of Medicine, Kyoto University). For measurements of the sensors, neuronal cultures were cotransfected with Raichu-RhoA, Raichu-Rac1, or Raichu-Cdc42 FRET sensors with either noncoding pSuper plasmid (control) or CD44 shRNA plasmid at 14 DIV. The cultures were fixed 7 d after cell transfection, and then imaging was performed. Measurement of the fluorescence lifetime of the donor in each FRET sensor was performed using a Picoquant PicoHarp 300 Time-Correlated Single Photon Counting System connected to a Leica Sp8 confocal microscope using a 63× oil immersion objective (NA 1.4). The donor fluorescence (CFP) was excited by a 405-nm pulse diode laser (PDL 800-B) at 40 MHz. The fluorescence intensity was recorded in the wavelength band from 467 to 499 nm to avoid acceptor fluorescence. Typical fluorescence decays were fitted with the resulting sum of one, two, or three exponentials interactively convolved with the instrument response function. The mean fluorescence lifetimes were calculated as the mean values of the fit function. The lifetime analysis was performed using SymPhoTime software (Picoquant, Berlin, Germany). A two-dimensional map (512 × 256 pixels) of the mean lifetime value was generated for the given experimental condition. For each experiment, 8-10 neurons and an average of 100 spines per group were analyzed. Data were obtained from three separate experiments.
Image acquisition and morphological analysis
The analysis of dendritic spine morphology was performed as described previously (Szepesi et al., 2014) . The images that were acquired from fixed material and live imaging sessions were processed using ImageJ software and then analyzed semiautomatically using custom-written SpineMagick software (international patent no. WO/2013/021001; https://patentscope.wipo.int/search/en/detail.js f;jsessionid=4D8A9E4A975B3D44DAC796BC751D05F5.wapp1nA ?docId=WO2013021001&recNum=1&maxRec=&office=&prevFilte r=&sortOption=&queryString=&tab=PCT+Biblio). The recorded parameters included spine length and head width. The values were normalized to control cells that expressed the pSuper vector. Dendritic spines from secondary and tertiary dendrites were chosen to eliminate possible systematic differences in their morphologies. The data were obtained from at least 25 cells in each group in three independent experiments, resulting in at least 3600 measured dendritic spines for each group.
Live-imaging analysis and the calculation of changes in spine parameters were performed as described previously (Szepesi et al., 2014) . Briefly, the same spines were identified on the subsequent acquired images during the live-imaging sessions (before stimulation and 10 and 40 min after stimulation). Relative changes in dendritic spine morphology parameters were calculated and plotted on a logarithmic scale to ensure the proper contribution of the fluctuations to the total measurement. For both conditions (cLTP treatment and DMSO only), dendritic segments of 8-10 neurons in each group (pSuper/CD44 shRNA) were analyzed. Data were obtained from five separate experiments, resulting in 400-600 spines per condition.
For the analysis of presynaptic markers, images of the immunofluorescently labeled cells were acquired on a Zeiss LSM 780 confo-
